M ethods are described w hereby th e frequency of m u tatio n s induced in Drosophila sperm atozoa b y u ltra-v io let light m ay be bro u g h t to ap p ro x i m ately 5 %. A m ong th e m eans used to increase th e m u ta tio n ra te w as th e selection of those individuals in w hich, as show n b y th eir earlier d eath , th e rad ia tio n h ad p e n e tra te d m ore effectively.
M utation effects of ultra-violet light in D rosophila
M ethods are described w hereby th e frequency of m u tatio n s induced in Drosophila sperm atozoa b y u ltra-v io let light m ay be bro u g h t to ap p ro x i m ately 5 %. A m ong th e m eans used to increase th e m u ta tio n ra te w as th e selection of those individuals in w hich, as show n b y th eir earlier d eath , th e rad ia tio n h ad p e n e tra te d m ore effectively.
I t has been show n b y th e use of a com bination of filters th a t th e region in w hich th e m utatio n -in d u cin g effect o f u ltra-v io let light begins lies betw een 320 an d 300 rap, as expected for nucleic acid absorption.
F u rth e r results, w ith a n im proved genetic technique w hereby th e p ro d u c tio n of gene m u ta tio n s an d gross rearrangem ents could be studied in th e sam e individual, have confirm ed our earlier conclusion th a t, as com pared w ith X -ray s of th e sam e g en e-m utational stren g th , u ltra-violet rays are ineffective in causing gross stru c tu ra l changes of chrom osomes.
Prelim inary evidence was ob tain ed th a t u ltra-violet rays are sim ilarly ineffective in th e p ro d u ctio n of m inute stru c tu ra l changes, and th a t (in Drosophila) th e y also fail to produce, b y 'sim ple b reak ag e', chrom osom e fragm ents th a t are capable of surviving ('term inal deficiencies').
I t m ay be concluded th a t a ctiv atio n of th e nucleic acid by ultra-violet is ineffective in producing breakage of th e chrom osome, although it is effective in producing gene m u tatio n s.
The gene m u ta tio n s produced b y ultra-v io let m u st occur secondarily, as a consequence of tran sfer of energy from th e nucleic acid, resulting in tu rn in a change of th e distinctive gene m aterial, which is probably of protein natu re. I t is therefore illegitim ate to calculate th e size or num ber of genes from th e frequency w ith w hich gene m u tatio n s are produced by a given dose of rad iatio n .
T he g en e-m u tatio n al change ap p a ren tly differs in some essential w ay from th e change involved in d em onstrable m in u te rearrangem ents, b u t th e m in u te rearran g em en ts ap p ear to be essentially sim ilar to th e gross re arrangem ents, involving a sim ilar k in d of thoroughgoing breakage of th e chrom onem a.
T he effect of u ltra-v io let in d iscrim inating betw een gene m u tatio n s on th e one h a n d a n d b o th m in u te a n d gross rearran g em en ts on th e other hand, lends som e su p p o rt to th e conception th a t th e 'g enes' represent definite segm ents of th e chrom onem a, an d t h a t th e connexions betw een th e p a rts of these segm ents are different in k in d from th e connexions betw een th e seg m en ts them selves.
A possible m eans of a tta c k on th e m u ta tio n th eo ry of cancer, derived from th e above conclusions reg ard in g th e m echanism of action of ultra-violet light, is p o in ted o u t.
Introductory

(a)
The problem
The im portant finding by Altenburg (1930 et seq.) th a t ultra-violet light produces m utations soon took on additional interest, when he obtained results (1931, 1933, 1936) suggesting th a t the action of this radiation, unlike th a t of X-rays and radium, might be discriminatory, in producing gene m utations w ithout gross structural changes in the chromosomes. These results, obtained with Drosophila, were as yet inconclusive on the latter point, although there could be no doubt th a t gene mutations were produced by ultra-violet light. More recently, however, Stadler and his coworkers (1936, 1938) have been able to prove the discriminatory nature of the ultra-violet effect in maize pollen, and since then the present authors (1939) have presented proof of it in Drosophila, using th a t type of cellspermatozoa-which in the case of X -ray treatm ent is most susceptible to the production of gross structural changes.
In the present experiments, these results on Drosophila spermatozoa have been extended (a) by increasing the m utation rate by certain devices; (6) by further restricting the range of wave-lengths used; (c) by so modi fying the genetic technique as to allow both the tests for gene mutation and for gross changes of the translocation type to be carried out on off spring of the same irradiated individuals, as well as by conducting some tests for a type of gross structural change-deletion-which had not been looked for in our previous w ork; ( d) by attem pt tural changes, which arise in a somewhat different manner from the gross ones when X-rays are applied (Belgovsky 1939; Muller 1938 Muller , 1940 . The latter question is of special importance a t present in relation to the problem recently raised (see Muller 1937 Muller , 1939 Goldschmidt 1937 Goldschmidt , 1938 as to whether there is really any essential difference between minute structural changes and 'gene m utations', and whether the individual gene can be regarded as a definitely delimited body.
(b) The ultra-violet source and the measurement of dosage
The ultra-violet lamp was, as before, a water-cooled capillary mercury arc (Daniels, Farrington and Heidt 1932) mounted in a metal case provided with a window 5 cm. square of Schott and Genossen U.G. 2 glass, 1 mm. thick, which served to filter out all waves shorter than 280 m and most of the visible and infra-red. An accessory filter of silver deposited on quartz was sometimes used to limit the ultra-violet spectrum further (see § 2 (6)). The energy was measured by a thermopile-or in some cases by a photo electric cell, calibrated against the thermopile-placed a t a standard distance, usually 40 cm., from the source.* A large aperture, hightransmission spectrograph with a simple quartz train and ethyl cinnamate prism was used for determining certain spectral intensities (e.g. table 4).
(c) Method of treatment
The young adult male Drosophila used should be not more than 24 hr. old and of stock with lightly pigmented body and testis. They are anaesthe tized and, following the method of Reuss (1935) , laid ventral side up on a layer of cotton-wool about 1 cm. thick and 5 cm. square, backed with a similar sized sheet of metal or glass. About 70-100 flies can be placed on this area without undue crowding. A quartz plate 5 cm. square and about 3 mm. thick is laid carefully upon the flies and secured in place with rubber bands, which have sufficient tension to flatten the insects appreciably: the more resistant thorax sinks into the cotton-wool, while the abdominal region is flattened and the gonads brought nearer to the ventral surface. Masking of the head and thorax gives no marked improvement. If the pressure is suitably adjusted the flies can be rendered immobile for several hours without causing appreciable mortality. The flies are placed at a suitable distance from the source (5-15 cm.), so that, using both filters together, a dose of 2 x 1010 ergs/cm.2 is administered in about 50-100 min.
The above-mentioned dose of 2 x 1010 ergs/cm.2, where both filters are used, or its equivalent of about 4 x 1011 where only the glass filter is used, as explained in § 2 (a), appears to be the optimum for lightly pigmented * W e are indebted to D r E . B. L udlam , of th e C hem istry D epartm ent, for th e loan of m easuring ap p a ra tu s an d a secondary sta n d a rd of energy m easurem ent.
flies. I t is the dose which, with these conditions of treatm ent, usually gives the best combination of high m utation effect, as detected in the de scendants, with not too high m ortality of the treated individuals them selves. The desired m utation effect and a practically completely lethal effect on the treated flies are separated by only a narrow margin. If the dose is doubled, practically all the treated flies are sterilized and the great m ajority die within 24 hr. The frequency of m utants detected in the descendants of the few survivors is then higher (6-9 %), but on account of the small total numbers the actual number of mutations found is very small with the doubled dose. If, on the other hand, the dose is halved, all the flies survive, but m utations are inconveniently rare. At the optimum dose, about 3 % is the m utation frequency for sex-linked lethals which may be expected as a reasonable average under the above conditions of treat ment and with the flies used by us, although rates as high as 5% may occasionally be obtained a t this dose.
Different types of Drosophila show distinct variations in effect. Thus, in the case of yellow-bodied flies, a given dose, of approximately optimum size, will produce about the same or a slightly greater m utation effect than, say, a dose 25 % higher when applied to flies of wild-type coloration (see table 3 ). In the latter, receiving the larger dose, m ortality is about 30% higher; hence a somewhat greater number of flies must be irradiated to obtain a comparable number of survivors. In treating any new variety, it is best to make some preliminary trials: if a certain dose kills some 75 % in 24 hr., three-quarters of this dose will give a reasonable mutation rate with moderate m ortality, provided the fly does not have excessive body pigment and has the lightly pigmented testis sheath associated with white eye, with the light alleles of white, and with certain other m utant eye colours.
E xperiments (a) Improvement of the mutation rate by selection in vial cultures
Attention was drawn to this possibility by certain experiments on fractionation of the dose. I t is known th a t with X-rays (Patterson 1931 and others) the m utation rate induced in spermatozoa is independent of fractionation, and dependent solely on the total dose. Many other bio logical effects of X-rays, however, are reduced by fractionation of the dose. This suggests th a t perhaps a higher maximum dose of ultra-violet light might be tolerated, and the m utation rate thus raised, if the dose were fractionated. Table 1 shows the result of dividing a dose larger than the standard one into two or three portions, delivered on successive days. I t will be seen th a t there is much the same toleration to a high dose whether it is divided or not. When the total dose rises much above 2 x 1010 ergs/cm.2 the immediate lethal effect is strong, however the dose is administered. Thus, no great increase of irradiation can be tolerated, with the degree of fractionation and the short intervals used here.
I t was observed, however, th a t the treated males showed individual differences in their m ortality and m utation rate, for when they were bred in mass cultures and transferred a t regular intervals to fresh cultures with new females, the m utation effects seemed to disappear rapidly, as seen in At first sight it might appear th a t the m utation effect in the treated flies declines with time, as in the case of X-rays (Harris 1929; Hanson and Heys 1929) , where it was shown to be due to (a) a higher mutation rate in m ature spermatozoa as compared with the immature germ cells, which are used in later breeding, (6) a higher proliferation rate of unm utated as com pared with m utated immature cells (Serebrovskaya and Shapiro 1935; Kossikov 1936 Kossikov , 1937 . B ut the drop in m utation frequency appears much sooner in the case of ultra-violet than of X -ray treatm ent and hence cannot be explained by these causes: it is almost complete in 5 days, whereas the m ature spermatozoa are not exhausted until some 10 days after treatm ent, a t 24° C. On the other hand, the curve of m utation rate is closely paralleled by th a t of the survival of the treated flies, as there was an especially high m ortality in the first 5 days, after which the number of survivors remained fairly constant. When the dose exceeded the standard 2 x 1010 ergs/cm.2, nearly all the flies died in the first 5 days, and as our table shows only experiments in which later broods were obtained for comparison with the earlier ones, no dose higher than the standard is shown in it. At these higher levels, however, the m utation rate was higher.
T hat these deaths were really selective, killing preferentially those indi viduals in which a higher m utation rate was induced, was then proved by a special experiment, employing stocks to be described in § 2 (d). Males were separated a t random into two equal portions after irradiation with the £ optim um 5 dose. The first portion was bred in the usual way, in mass cultures in bottles, and the Fx females were then bre for the detection of sex-linked lethals in
The second portion of treated males was bred individually in vials, one male to two virgin females. After 5 days a t 24° C the vials were examined, and only those kept in which the male had died. In only a minority of vials thus selected (some 25 % in the experiment with non-yellow stock) were any offspring produced; these were used for the tests for lethals. Table 3 gives details of such an experi ment, in which two stocks, y 2 (moderately pigmented) and non-yellow (normally pigmented), were used.
I t is clearly shown th a t the individuals which had suffered more dele terious effects on their own life were also those in which mutations were more abundant (the m utation rate being some 75 % more in the offspring of the flies which died early than in those not selected). Dismissing the assumption th a t the rays produce their m utational effects indirectly on the germ cells via the soma, this suggests differences in the penetration of the rays into the individual flies, giving a parallel increase of mutational effect and somatic injury. The question of what factors are more im portant in causing these differences-amount of pressure on the abdomen, orientation of the fly, variable pigmentation and chitin, size of fly, etc.
-remains an open one. The existence of these differences provides, however, a valuable method of increasing the general m utation rate by selecting, in vial cul tures, the offspring of those males which die in the first few days after treatm ent. This was of particular value in the later experiments mentioned in § 2 (d). 
(b) On the spectral region effective for mutation
In experiments carried out on plant material (Stadler et 1936 (Stadler et , 1938 (Stadler et , 1939 Noe tiding and Stubbe 1934 5 Hollaender 1939 Knapp and Schreiber 1939) it has been possible to compare the effectiveness of different wave-lengths, since the small size of the objects (spores and pollen) allows a large number to be exposed to the narrow bands of monochromatic radia tion in the conventional spectrograph, without excessive absorption of the light before it reaches the region of the genetic material. W ith the exception of Stubbe and Noethling, these workers agree in finding that, proceeding from the visible light 'downwards' towards the shorter ultra-violet, the effective region begins a t about 313 mp, the waves in the bands above this being ineffective, and those in the bands between 303 and 280 m/t de cidedly effective. Below this again there is some increase in the rate, until a maximum appears to be reached, between 270 and 250 rn.fi, but the increase is not as rapid as th a t of the lethal effect, so th a t it is difficult to get significant data on m utation for very short waves.
In Drosophila, Reuss (1935) , using all the light transm itted by Uviol glass filters, which are opaque below 280 m obtained, with his highest doses, 6*5 ± 1-5 % of sex-linked lethal mutations, and our results are in conformity with this. Working with whole flies, it is probable th at some 99-9 % of the ultra-violet energy from the whole mercury spectrum is absorbed before reaching the germplasm. That the absorption by the chitin rises rapidly with decrease of the wave-length has been shown by Eloff and Bosazza (1938) in tests on thin layers of this material, measured spectrographically, and in tests of the survival of Drosophila pupae. McAulay and Taylor (1939) made monochromator tests on Drosophila larvae, and showed th a t the direct lethal dose a t 297 m fi is of the or 0-5 x 10-5 of the dose required by us to produce 3 % of sex-linked lethal mutations in adult Drosophila with a mixed radiation of 320-280 rn.fi. Allowing for the different sensitivity of the material and the factors in volved in spectral tests, it is hardly an overestimate to suggest th a t not more th a n one-thousandth of the incident energy reaches the gonads and is available for producing genetic effects. This is supported by results of Altenburg (1934) , who used whole flies and eggs in the stage of an exposed 'polar cap '; dose for dose, the m utation frequency obtained in the former was less than one-thousandth th a t in the latter material.
Since monochromatic radiation offers great difficulties with adult Drosophila, owing to the twin factors of high absorption and low intensity, the use of filters, as in our early experiments, has been continued. In the first tests, the use of different filters (Schott and Genossen U.G.2, 1 or 2 mm., and Chance Uviol, 2 mm. thick) suggested th a t the lower region of the spectrum (that with shorter wave-lengths) was the main effective agent of m utation. In the present series, the use of a filter of 1 mm. of U.G. 2 together with a supplementary filter of silver deposited on quartz has enabled a more definite conclusion to be reached.
The preparation of the accessory silver filter requires special care. A chemically clean quartz plate 5 cm. square and 3 mm. thick is placed in a glass dish, contained in a large beaker of warm water and heated by a 100 W clear glass filament lamp. 10 c.c. of 10% silver nitrate, made strongly ammoniacal and then brought nearly to neutrality with nitric acid, is poured into the dish and 2 c.c. of 50 % glucose added. The mixture slowly warms up and the deposition of silver is allowed to proceed until visible light from the lamp filament can no longer be seen on looking vertically down from above. The dish is immersed in the bath, and then washed with distilled water till free from silver salts. The quartz plate is lifted out and dried. There should be no deposit of silver on the lower side, as otherwise the result will be unsatisfactory, and the filter will transm it visible light. The silver film is exceedingly thin and delicate, and must be discarded as soon as pinholes appear. (No satisfactory varnish or preservative coating which will transm it ultra-violet freely has been found.) This film has a good cut-off on the long-wave side between 365 and 313 m Physical tests of this film, combined with the U.G. 2 filter using a thermopile and large-aperture spectrograph of moderate dispersion and considerable aberration, gave results showing th a t the addition of the silver reduced the light transm itted to between 5 and 10 % of th a t passing the U.G. glass alone. One of these tests (in which the silver film was probably somewhat thinner than usual) is shown below. Overlapping of the wave-length regions, which undoubtedly occurred, would tend to smooth the differences observed between such regions, so th a t the differences are, if anything, greater than those shown. The absolute values are arbitrary, th a t for the region 320-300 m being denominated 1 ; most of this was due to the 313 nyi line. In the region 300-280 m/i, the energy is almost all from A 297 m/i. The region 290-280 m/i represents an extremely small fraction, whose effect is probably negligible when the effect of selective absorption in the chitin is considered. The 280 m /ilin e is dis tinguishable only by its fluorescent effect and not measurable by physical means, owing to the practically complete opacity of the U.G. 2 filter. (It is, of course, a very powerful component of the unfiltered radiation from the pressure mercury arc.) No waves below 280 m/i are transm itted. In the region 400-320 m/i, more than 90 % of the energy passed by the U. G. 2 filter is from A 365 m/x, the total for th a t p art of the region w this being about 7 %. The silver filter, by cutting out the 365 m/x line, may be said virtually to narrow the effective region to between 320 and 290 m ; in so doing, it reduces the intensity in this region by only some 15%. Biophysically, this silver filter was tested by exposing Drosophila of a moderate-yellow apricot-eyed stock (y2 sc8 B wa) to the radiation trans m itted by this filter in series with the U.G.2, while for comparison, an equal number (fifty a t a time) were exposed for the same time and under the same conditions to the radiation from the U.G. 2 filter only, which was between 10 and 20 times greater in amount. The results are given in table 5 .
The m utation rates appear identical despite there being some tenfold difference here in the total radiant energy. I t may be concluded with confidence th a t the region above 320 has less than 5 % as great an efficiency in producing m utations as the region below (320-290 m/x). Thus, with the pressure mercury arc, the upper limit of m utation effect in the ultra-violet may be taken as near 320 m/x, and the effect must begin between this and 300 m/x. B ut the region of maximum efficiency, and the curve relating m utation frequency to wave-length, are not deducible from these data. I t is probable th a t this m ust await a time when direct irradiation of the germ cells can be carried out efficiently. Mastery of the technique of artificial insemination would be invaluable in this connexion, but so far the attem pts made in this direction have not been sufficiently successful to allow the use of this method in such experiments.
(c) Combination of gene mutation and translocation test
The experiments previously described (Muller and Mackenzie 1939) in volved separate tests for m utations and translocations, and left uncertain the individual response to dosage which might result in unequal response in the two parts of the experim ent; this could only be partly corrected by the use of considerable numbers. To eliminate this objection, a genetic mechanism was elaborated so th a t the mutations and translocations could be detected in the offspring from the same cross.
The males used for irradiation contained in the X-chromosome the genes for yellow ( y ) and white (w), which reduce pigmentation, an inversion combination (<sc4L, sc8R) to reduce the occurrence of cross-overs. These were mated to females containing a shorter inversion (8 49) and other markers (sc v f) in the X , and markers in t wings) and third (e, ebony body colour) chromosomes, respec Fx females from this cross gave practically no cross-over offspring (Ff), so (27) 380 (27) 13(27) 3-7 (av.) 40-9(av.) 60 (27) 513 (27) 20 (27) 3-7 (av.) 377 (27) w eighted Difference (% ) = 3-7 -3-7 = 0-0 ± 0-9. average (av.) * The use of this system of w eighting is explained in a parallel p ap er (Muller 1940 
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th a t the F2 derived from the Fx females coul sex-linked lethal mutations. Such m utations were indicated by the absence of y w male offspring. At the same time the Fx males, heterozygous for dp and e, were crossed to dp e females. The progeny (F2) from this cross gave a test for translocations between the Y, I I and I I I chromosomes. Such translocations would be indicated by the absence of recombination between the characters for sex, wing shape, and body colour.
In this experiment, chiefly owing to the improved technique previously described, a higher m utation rate was obtained than in previous work. The results are given in table 6, together with the previous results for comparison. * I n th e earlier ex perim ents, w hich include th e results rep o rted in our earlier com m unication, different P x m ales h a d b een u sed to pro v id e th e m aterial for th e leth al a n d translocation tests, respectively, w hereas in th e p re se n t exp erim en ts th e sam e tre a te d P x m ales provided offspring for b o th tests, as explained in th e te x t.
The complete absence of translocations in this case is striking. The u ltra violet radiation used, producing some 4*3 % of sex-linked lethals, is equi valent to an X -ray dose of 1300 r. or more, since 1 % is produced by 300 r. and the frequency is proportional to dosage. A t this dose the percentage of translocations of type I I -I I I alone is a t least 2 % ; hence the number of these translocations th a t would have been obtained among 1617 cultures with this dose of X-rays is 40 or more. This number is a minimum, since the assumption is made th a t the doses were constant, whereas they were in actuality averages: since the translocations increase more rapidly than the dose, the result might well have been higher. For the earlier results, on the basis of the 2449 cultures then available, it had been calculated (Muller and Mackenzie 1939 ) th a t between 12 and 26 I I -I I I translocations would have been produced, if X-rays of the same gene-mutation producing strength had been used. On the basis of the number 3425, and with the more exact knowledge of translocation production by X-rays now available, the expected number becomes a t least 25, for all the earlier cultures taken together, and 25 + 40, or 65 translocations expected in the work as a whole, had X-rays been used. The difference between the X-ray and the u ltra violet effect is therefore definite and significant.
A further point significant in this connexion (concerning deletions, which form another group of gross rearrangements akin to translocations) will be mentioned in the next section, dealing principally with minute rearrange ments.
(d) Failure of ultra-violet radiation to produce minute rearrangements I t was established some years ago th a t minute rearrangements are produced by X-rays, and may be of such small size as to be indistinguish able, cytologically and genetically, from gene mutations (Muller, Prokofyeva and Raffel 1935; Muller 1937 et seq.) , and it was further found th a t their frequency followed the same direct proportionality law as th a t for gene mutations, thus differing markedly from the gross rearrangements (Belgovsky and Muller 1938; Belgovsky 1939; Muller, Makki and Sidky 1938; Muller 1938 Muller , 1939 Muller , 1940 . I t remained doubtful, therefore, whether there was any clear-cut difference between minute rearrangements and gene mutations. If there was not, gene m utations were only extremely minute rearrangements of units smaller than genes (as these had been conceived of); the distinction between 'intra-genie' and 'inter-genic' vanished, and the gene was no longer a body having definite limits, but merely a region of the chromosome ' conceptually isolated ' for convenience of reference (see Muller 1937 Muller , 1938 Goldschmidt 1937 Goldschmidt , 1938 Goldschmidt , 1939 .
W ith this problem in view, the discriminatory action of ultra-violet in producing gene m utations but not gross rearrangements made it desirable to seek whether the distinction could be pushed still further, so as now to differentiate between gene mutations and minute rearrangements. Accordingly, a large-scale experiment was planned, providing a genetic arrangement in which such changes could be ascertained by inspection, and depending upon the fact th a t such rearrangements are unusually numerous in or near heterochromatic regions. Thus if a stock is used in which, by a previous gross rearrangement, the normal allele of a known visible recessive m utant has been placed near a heterochromatic region, there often appear minute rearrangements having the recessive m utant phenotype, combined with a recessive lethal effect (Muller, Raffel, Gershenson and Prokofyeva-Belgovskaya 1937; Muller, Prokofyeva-Belgov-skaya and Raffel 1937; Belgovsky and Muller 1937; Raffel 1938; Belgovsky 1938) .
A genetic arrangement of this type occurs in scute-8, where by a long inversion of the X a p art of the heterochromatic region th a t had the centromere has been transferred to the opposite end, adjoining the loci of yellow and achaete. W hen crossed to yellow, even without X-raying, such flies give offspring containing a considerably higher frequency of yellow m utants than would be found in an ordinary cross of non-yellow with yellow. Tests show th a t the yellows derived from scute-8 are usually lethal when homozygous and involve a minute rearrangement (possibly a deletion) in this region. As a result of X-raying, minute rearrangements of this kind are produced in much larger numbers, and their abundance is much greater than th a t of m utants of any of the £ visible loci ' lying in the euchromatic parts of the chromosome.
The most frequently occurring m inute rearrangements of euchromatic regions th a t can he recognized by inspection are the minute deletions giving rise to the dom inant Notch wing, by change from the normal nonnotched condition, and the minute deletions and inversions giving rise to the normal non-bar type of eye by change from the minute duplication responsible for the dom inant ' B ar ' character. I t was planned to look for these changes as well as for those involving the yellow locus in scute-8. This required the use of scute-8 flies normal with regard to Notch but con taining Bar, and not having the extreme allele of yellow. Accordingly, a scute-8 stock of rather light body colour, containing a moderate allele of yellow ( y2 ) combined w ith apricot (wa) and dominant Bar eyes, wa built up (formula: y2 sc8 B wa). Since i stock it was found too time-consuming to discriminate between the yellow m utants of the extreme type ( y ) and the ordinary a second stock w ith the normal allele of yellow (sc8 B wa) was later used.
Males of either type, after irradiation, were crossed to females homo zygous for yellow, of a stock named 'a ll', which contained a large group of recessive m utants (mostly heterozygous) in the X , designed specially for the detection of m utations in various specific loci. The complete formula of the X was usually -but flies homozygou y Hw w o 49 lzsj either of the differing chromosomes were also present. Those having both chromosomes as in the lower line are practically sterile, but the type homozygous for the upper line were also used in the cross.
The chief recessive m utants arising in the Fx of this cross would be y, w, f, and reversions of Bar to normal eye. The females were carefully examined for these changes, as well as for Notch wings. As the rather variable wa/w eye colour of the offspring renders them unsuitable for the detection of eye-colour mutations other than white they were not checked for these; in the same way, the sc and ac bristle characters were too variable in presence of sc8 to be used as criteria. Cubitus interruptus (ci) in the fourth chromosome was present homozygously in the all females, but it only develops satisfactorily in cultures a t low temperature, which is not a convenient condition in our work.
The Fx females are of two types, heterozygous for the upper or lower part of the ' all ' formula shown above; both types are used for the detection of minute rearrangements by inspection of the body, wings and eyes, and those containing the dominant Hw character are also wel determination of sex-linked lethals by breeding tests, when individual cultures of them are made. For they contain not only heterozygous markers but also the two inversions sc8 and $49, which together prevent cross overs from appearing in the next generation. A lethal is thus detected by the absence of sc8 B wa males among the offspring. The m ajority of these Fx Hw females were bred individually in vials to determine the efficacy of the ultra-violet radiation in the Px males. Table 7 gives a summary of the results obtained with some 11,000 Fx females derived from the crosses of the y2 and normally pigmented stocks of sc8, treated according to the selective m ortality scheme.
Among the Fx females noted in the table, seven gynandromorphs are in cluded, and there was one mosaic apparently a male but possibly also a gynandromorph. This number was not in excess of th a t which may be found in an untreated group of similar size.
I t is noteworthy th a t no m utation in the specific loci was found, despite a fairly high m utation frequency of sex-linked lethals, which corresponds closely to an X-ray dose of 1000 r. This correspondence enables this experi ment to be compared directly with one of Muller and Makki, as shown in table 7 . While the non-appearance of w and / may well be accidental, the absence of any y, B or N, which, collectively, were expected in considerably higher frequency, on the basis of the X-ray results, is much more con spicuous. In fact, statistical treatm ent shows th a t the difference between the ultra-violet and the X-ray experiment with respect to the frequencies of minute rearrangements found is significant. If, then, we may take these results at their face value, we shall be led to the conclusion th a t ultra-violet rays cannot produce minute rearrangements, or that, at least, they are far less efficacious in this respect than X-rays, when doses th a t are equivalent in their power of producing gene mutations are considered. At the same (y, w, N,f, B) . 01-10 * The num bers of visible m u ta tio n s show n for 1000 r. a n d for th e controls are those expected for a to ta l count of 11,000 females as calculated from th e results of M uller an d M akki (see M uller 1940). The percentages of lethals given for 1000 r. and th e controls are based on all previous w ork, th e percentages of leth als expected a fte r 1000 r. X -rays being 3-3% + th e control frequency; th e la tte r m ay v a ry betw een 0-1 a n d 1-0% , as noted above, b u t th e m ost com m on frequency is a b o u t 0*3%, as here assum ed.
time, it should be recognized th a t these results are preliminary, and the conclusion provisional. I t will be desirable to obtain more data of this kind, involving the treatm ent of non-yellow flies exclusively (because of the greater certainty of distinguishing between non-yellow and extreme yellow than between moderate yellow and extreme yellow) before regarding the point in question as definitely proved. The absence of yellow (y) exceptions gives evidence regarding point. I t indicates the impossibility or difficulty of producing 'terminal deficiencies' in Drosophila by ultra-violet light, of the kind found by Stadler and by McClintock to be produced in maize by both ultra-violet light and X-rays. If a ' simple break ' took place in the especially breakable heterochromatic region of the scute-8 chromosome just to the right of y and ac and were followed by a ' healing ' of the broken end of the proximal fragment (i.e. by change of the originally interstitial gene a t the broken end into a gene with the properties of a telomere), then the proximal fragment would be able to survive and give rise to a yellow exception resembling the exceptions which are formed through minute rearrangement as a result of X-raying. Since these exceptions have not been obtained we must conclude th a t neither minute rearrangement nor simple breakage associated with healing has taken place, a t least not with sufficient abundance for it to have been found in counts of the given size. This is in agreement with the evi dence from other sources th a t the change of gene polarity required for such a process-no m atter whether or not we classify it as a gene m utation-is far less easily brought about in Drosophila than in the plant material studied with reference to this point.
I t may also be noted th a t no males bearing grossly deleted X-chromosomes were produced in the above experiment. As only two would have been expected from X-rays, this result is not in itself significant, but it is seen to be in line with the already existing evidence against the production of gross rearrangements, which has hitherto concerned itself only with the other two of the three most commonly found types (i.e. with translocations and inversions). This then adds to the strength of the earlier conclusion, th a t breakage of the type not followed by healing of the broken end (and therefore of a kind capable of leading to gross rearrangements of gene order) is not produced by ultra-violet.
D iscussion
The finding th a t the effective wave-lengths begin in the region between A 320 and A 300 mju,agrees with the results of the work on plant material and with the idea th a t it is absorption by the nucleic acid which is re sponsible for most or practically all of the m utation effects obtained from the ultra-violet irradiation used. This interpretation is not yet definitely proved, since protein and a few other cellular materials begin to absorb in the same region. However, spermatozoa contain little which absorbs u ltra violet light to any notew orthy degree in the region about A 300m/^ other than nucleic acid and protein and, as Caspersson has pointed out (1936), the absorption of these wave-lengths by the nucleic acid is considerably greater than th a t by the protein. Although we have not been able to adduce the additional evidence, gained in the plant material, th a t the m utational effectiveness rises to a maximum somewhere between A 265 and A 250m and then begins to decline, like the absorption by nucleic acid and unlike th a t by protein and most amino-acids, nevertheless, the above agreement in respect of the region where the effect begins, taken together with the similar composition and reactivity of animal and plant chromosomes, makes it extremely probable th a t in our material, too, it is the nucleic acid which is the chief absorptive agent for the m utation effects observed. I t will be of interest to study the energetics of the m utational reaction from the point of view of the efficacy of the absorbed quanta of ultra-violet radiation. T hat is, w hat is the proportion of absorbed quanta th a t are ' successful ' in the sense of giving rise to a m utation th a t can be detected, and w hat relation does this proportion bear to the dosage conditions, i.e. to the space and time distribution of these quanta? The comparison of these results w ith the corresponding ones already obtained for the success of ionizations produced by X and similar rays would be especially instructive. Such figures cannot be adduced, however, until it has become possible to measure far more accurately w hat p art of the impinging radiation pene trates the body layers and reaches the spermatozoa, as well as how much the absorption by an individual spermatozoon is. Caspersson has solved the latter problem for other cells by application of a micrometric method which could be used w ithout essential modification for spermatozoa, and perhaps a similar set-up could be used for determining the amount of absorption by the body wall. However, a more direct attack, allowing a better comparison both of the absorptional and of the mutational effective ness of different wave-lengths, could be made if the germ cells could be irradiated free from any screening by the interposed body wall and chitinous m aterial th a t is unavoidable when whole flies are treated. A further development of artificial insemination technique would afford a way out of this difficulty. Altenburg's polar-cap method might also have possibilities in this connexion, although it is difficult by this method to obtain such large numbers of separate mutations as an adequate statistical treatm ent would require. Another possibility would be irradiation of the excised gonads, followed by their implantation. All this must be left for future studies.
Even before such studies are made, certain further conclusions con cerning the m utational reaction would follow , if we accept the inference that the nucleic acid constitutes the prim ary site of ultra-violet absorption for the mutational reaction. For the composition of nucleic acid is too constant to permit of its being, by itself, the material in which the differ ences characterizing one gene as distinct from another reside. Moreover, it is well know n th a t the amount of nucleic acid in a given chromosome varies greatly in the cycles of cell growth and division. Hence the nucleic acid cannot be regarded as more than accessory to the distinctive gene substances.
The distinctive gene substances then are probably of protein nature, although by far the greater bulk of the protein present in spermatozoa must be non-genic, as shown by the great differences in type of spermatozoan protein in not distantly related species (see review by Gulick 1938). I t might, indeed, have been postulated, in view of the latter finding, th a t the genes were not protein a t all but had their basis in the very small amount of other material present in spermatozoa. However, the lack of other material than nucleo-protein in viruses, despite their having gene properties, indicates th a t the protein must be the essential substance, and this is supported by general considerations of the possibilities of protein, as compared with other substances, in respect to diversification of composition and of reaction, relationship to enzymes, including the protein-forming enzymes themselves (proteases), and the resultant greater likelihood of proteins having the property of autosynthesis.
Thus we reach the conclusion th a t although the nucleic acid absorbs the ultra-violet quanta which precipitate the occurrence of a gene m utation, the protein must somehow participate in the m utational reaction itself. How tightly and directly bound the nucleic acid in question is to this pro tein we do not know, nor whether the nucleic acid groups serve as con necting links in the individualized protein pattern characterizing the given gene. But in any case some of the m utational changes of this pattern would require alterations in the connexions of the protein component. Thus there would have to be some sort of transference of energy (that is to say, a further reaction) from the activated nucleic acid to the protein-pre sumably, to the protein th a t is in its immediate neighbourhood-before the mutation could take place, and to this extent the m utation would be an indirect result of the irradiation. I t would be premature to speculate upon how direct this transference of energy m ay be and whether it may also involve a release of energy; th a t is, we are justified in saying only th a t a secondary reaction, in the protein component of the nucleo-protein, occurs as a result of the change first induced in the nucleic acid component. This is not to say th a t absorption of a quantum directly by the protein could not result in a m utation, but only th a t, with the wave-lengths and intensities here used, the m utations actually obtained usually result from quantum absorptions by the nucleic acid, with resultant secondary changes in the protein, the absorption by the protein itself occurring too rarely, under these experimental conditions, to play an im portant role in the results obtained.
I f it is true th a t the ultra-violet-induced gene m utations are usually secondary effects, in the above sense, then the stricture (Muller 1932 (Muller , 1937 (Muller , 1940 against the use of the frequency of radiation-induced m utations as a direct measure of gene size and num ber receives further support. So long as it was assumed (Blackwood 1932; Gowen and Gay 1933; Haskins 193 5 et seq.; Marshak 1935 et seq.; Timofeeff-Ressovsky and Zimmer 1935; Lea 1940 ) th a t m utation was induced by radiation only when the atom originally activated lay within the gene itself, then the number of such atoms in a given gene could be calculated from the frequency of given m utations, occurring in response to given doses of radiation. B ut once it is adm itted th a t the activation m ay be initiated outside the gene, with only a transferred or secondary effect upon the latter, this method of calculation can no longer be employed for this purpose. In the previous criticisms by Muller (1932 Muller ( , 1937 Muller ( , 1940 ) the experimental evidence for an indirect effect was derived entirely from results concerning structural changes (rearrange ments). The work herein discussed now allows us to carry the argument further, basing it upon the evidence concerning gene m utations themselves. A t the same time it should be recognized th a t the method in question, although incapable of telling the size of the gene itself, may give results of interest concerning th a t m aterial whose atoms, when activated, can react in such a way th a t, secondarily, m utation of the gene is induced.
The finding th a t gross rearrangements of chromosomes are not produced in appreciable numbers by ultra-violet light must, as Stadler (1939) has pointed out, not be regarded as a proof of the absolute negative th a t no gross rearrangements can be produced in this way. I t does mean, however, th a t the ultra-violet-induced activations, as compared with the X-rayinduced ones, are distinctly discriminatory, in th a t a group of the former capable of producing a given number of gene m utations would produce far fewer (if any) gross rearrangements, than a group of the latter capable of producing the same number of gene mutations. I t is this difference in the preferential mode of action th a t next requires consideration, in the light of what is known concerning the way in which gross rearrangements come about.
Previous studies have shown th a t the mechanism of production of gross rearrangements, whether in animal (Muller 1938-40) or plant (Sax 1938 (Sax , 1939 material, is by breakage of the chromosome thread a t two or more points, leaving the broken ends adhesive, followed sooner or later by joining together of the broken ends in a new order. The different breaks are pro duced independently of one another, by separate individual ionizations or other activations, the number of prim ary breaks being linearly proportional to the number of induced activations (including ionizations). Even chromo somes broken by mechanical means have their broken ends thus adhesive and capable of forming newr combinations (McClintock 1938 (McClintock , 1939 . Hence, in the production of gross rearrangements, breakage of the chromonema is the primary step. I t thus seems very probable th a t breakage of the chromo nema-at least of the thoroughgoing type, resembling mechanical breakage, which permits the formation of gross rearrangements-cannot be produced by th at kind of activation of the nucleic acid which can give rise to gene mutations. Moreover, escape may not be had from this conclusion by erecting the special hypothesis th a t the breakage is produced by u ltra violet, but th at the broken end so produced becomes ' healed ' and incapable of union with other pieces. For, as we have seen in the last section, there is experimental evidence against the 'terminal deficiencies', th a t would result from such a process, being produced by ultra-violet.
We have then a certain basis for distinction between the mechanism giving rise to 'thoroughgoing' chromonemal breaks and to gene mutations. Either the chromonemal breaks capable of leading to gross rearrangements require some other kind of activation of nucleic acid than th a t which u ltra violet can induce (see paragraph below) or they require the activation of some other material than the nucleic acid, material which the X-rays but not the ultra-violet rays are capable of affecting in sufficient abundance to give us the gross rearrangement effects observed after X-ray treatm ent. I t is well known th a t the ionizations and other activations produced by X-rays and rays of still higher energy, such as y-rays, are much more in discriminate in respect of the site at which they occur than the activations produced by ultra-violet rays. Whereas the latter, a t the wave-lengths and doses used, activate little but the nucleic acid, the X and higher energy rays ionize and otherwise activate the water and all the other cell con-stituents in a largely random manner. As w ater is by far the most abundant substance in the cell it may well be (as suggested by Delbruck in a personal communication, and as independently proposed by Fricke and Demerec 1937) th a t it is usually the ionization of the w ater which constitutes the prim ary change in the X -ray effect, and th a t following this there is a transfer of energy, th a t is, a further reaction, which in turn affects the chromonema or gene. I t may, however, be the protein or some other constituent in which the prim ary effect of the X-rays th a t results in break age usually resides. W hatever it is, the effect of the X-rays too, in breaking the chromonema, is often a transferred effect, as shown by the frequent breakage of the same thread a t two nearby points by a single ionization, giving a minute rearrangement.
I t is further to be observed th a t a large proportion of the atomic changes produced in the track of the electrons released by X and y irradiation are not low-energy activations, involving merely the removal of a valence electron to a more distant atomic orbit, bu t actual ionizations, which in volve the expulsion of an electron. (Often this is not the valence electron; but the final effect will usually be the transferred loss of the valence electron.) And these ionizations occur in largely unselected atoms (with a likelihood th a t is a simple function of their mass), whereas the ultra-violet activations are much more selective, involving given atoms in given mole cules. Finally, the ionizations and other activations induced by the u ltra violet tend to occur singly (being randomly distributed in space, with regard to the sensitive substance), whereas those induced by X-rays tend to occur in clusters. All these factors m ight produce a basis for a difference in the effect of the two agents, even if the prim ary change occurred in the same substance.
I t is the above-mentioned greater selectivity of the ultra-violet radiation, in all the ways above mentioned (type of molecule affected, atom affected, electron affected, and degree of activation by one quantum), th a t offers the hope th a t more insight into the nature of the gene-mutational reaction may eventually be gained by this means than by the X -ray method. This would, however, require much more information th an is now available concerning the chemical details of the changes which ultra-violet may induce in nucleic acid and, secondarily, in substances chemically associated with the latter.
The above discussion has concerned itself with the problem of the difference in mechanism of production of gross rearrangements and gene m utations. So long as it was conceivable th a t the production of minute rearrangements followed different principles from th a t of gross ones, in response to ultra-violet irradiation, it might more readily be maintained that the results concerning gross rearrangements should not be generalized, and th a t ultra-violet after all might produce chromonemal breakage, but of a specialized type resulting in minuter changes. This in turn would help to obliterate the supposed distinction between minute rearrangements and gene mutations.
Thus it remained to be determined whether or not the minute rearrange ments were essentially similar to the gross rearrangements in their method of production. Our present results with the ultra-violet, indicating th at minute rearrangements are not produced by it-a t least not in the abundance to have been expected from the same gene-mutational strength of X and higher-energy radiation-points to the existence of an essential similarity in the mechanism of production of the gross and minute re arrangements. The conception of minute rearrangements as resulting from chromosome breaks like those which produce the gross rearrangements (Muller 1935; Muller, Prokofyeva and Raffel 1935; Muller 1940 ) thereby receives further support, and it is seen th a t the gene mutations, on the other hand, are distinct, in their mechanism of production, from both the gross and the minute rearrangements. They can probably be produced by the nucleic acid activation brought about by ultra-violet, while breakages giving demonstrable linear rearrangements of any sort, large or small, cannot be so produced, unless with very considerably more difficulty.
This conclusion is of importance in relation to the current question (see p. 503) as to whether gene m utations may not after all be merely ultra-minute rearrangements of essentially the same kind as the changes large enough to be demonstrable as minute rearrangements. If this view were to be maintained in the face of evidence th a t demonstrable minute rearrangements are not produced by ultra-violet, some further hypothesis would have to be set up-such as th a t the two or more breaks presumably produced by an ultra-violet activation, destined to take p art in the making of the ultra-minute rearrangement, were necessarily much nearer together than the two induced by a given X-ray ionization. They would in fact have to be so near together, ordinarily, as not to lie in ' separate genes '-th a t is, in portions of the chromonema so far apart and so different from one another as to be distinguished as separate genes by previous methods. Such an assumption, while not impossible, would seem rather special and arbitrary. Moreover, even if this were true it would not necessarily follow th at the genes themselves were not sharply delimited from one another, and the links between the different genes might still be of a different nature than those between their parts, and might be subject to different principles of breakage and reunion. These are questions which still require considerably more study. In the meantime, however, the evidence th a t the changes definitely demonstrable as intergenic (according to th applied) cannot be produced, or only with great difficulty, by an agentultra-violet-which produces i n t r ag enic changes (as m criteria) with comparative readiness raises a strong presumption th at the difference between 'in ter-' and 'in tra -' genic, as gauged by these criteria, does have a factual basis, in a segmental structure of the genetic material.
The present work suggests a possible means of throwing light on an interesting question concerned with the m utation theory of the origination of cancers. I t had been suggested by Boveri (1914) th a t cancer might arise as a genetic change in a somatic cell, but he conceived this change in terms of the chromosome mechanism more familiar to him at th a t time, as in volving a loss or addition of one or more whole chromosomes, caused by some mitotic abnormality. The more modern genetic viewpoint suggests th a t if cancer does arise by 'm u tation'-a contingency which seems very plausible for some cases of cancer a t least, despite the demonstration th at others are caused by viruses (see discussion by Auerbach 1940)-the m uta tion in question is much more likely to be a structural chromosome change or gene m utation than ' aneuploidy ' of the whole-chromosome type which Boveri had in mind. This is because (1) the number of different kinds of whole-chromosome changes is far more limited than of structural changes or gene m utations, and hence has less likelihood of being of just the right kind to give rise to a cancerous growth, and because (2) the whole-chromo some changes usually involve such an extreme 'unbalance' of genes as severely to handicap the cells containing them in their metabolic and proliferative activities.
While the non-existence of a whole-chromosome aberration might in favourable instances be revealed by cytological study (since it would be expected to characterize the given cancer tissue as a whole) the question of whether the presumed m utation was of the structural change or genem utation type could seldom be settled in this way. Theoretically, gene m utation would provide the likeliest interpretation, for the same arguments which inclined us to regard whole-chromosome change as a less likely cause than either structural change or gene m utation would also incline us to regard the former phenomenon as a less likely cause than the latter. But to get actual experimental evidence for this view would at first sight seem very difficult if not impossible. For such structural changes are often in visible in cytological preparations of mitotic chromosomes, and as cancer tissue is somatic it cannot be subjected to the usual genetic analyses. However, the discriminatory action of ultra-violet, herein dealt with, in producing gene mutations without structural changes might provide a method for throwing light upon the problem.
This method would involve the reputed connexion between ultra-violet irradiation and cancer. I t has now and again been claimed th a t carcinomas may be produced as a result, direct or indirect, of the action of ultra-violet light upon the epidermis, especially in forms with little skin pigmentation. I t would be worth while to conduct a series of more exact investigations into this m atter, determining how regular is the effect, if any, under given conditions of treatm ent, and whether the rays themselves actually pene trate to the cells in which the cancer arises. If it could be shown th a t the curve relating the frequency of the effect to the wave-length of the im pinging radiation has its beginning and its maximum in the same regions as the curve for the absorption of ultra-violet light by nucleic acid and for the mutational effectiveness of ultra-violet, when due allowance for the amount of penetration of the different wave-lengths to the tissue in ques tion has been made, then a strong prima facie case wou effect being a m utational one. And not only that, but the conclusion would also be favoured th a t the m utations giving rise to these cancers were of the gene-mutational type rather than either structural changes in chromosomes or whole-chromosome changes.
I t is realized th a t such work, whether carried out in vivo or vitro (the latter by irradiation of tissue cultures, followed by implantation tests), would offer considerable technical difficulties, and require the co-operation of different types of workers on a large scale, but in view of the importance of the problem it would seem very desirable to have such studies made.
For purposes of comparison with such results with ultra-violet light, it would also be desirable to have more exact experimental studies made of the incidence of cancers of various types in animals subjected to irradiation by X-rays. This irradiation should be carried out with doses of different intensities and degrees of fractionation, so th a t it may be determined what correlation, if any, exists between the incidence of the cancers and the incidence of the different types of genetic effects (gene mutations and structural changes) th a t have recently been shown to be affected dif ferentially by such variations in treatm ent.
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